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ABSTRACT 
 
Nowadays, it is usual that Earth-Space communications make use of high frequency 
bands like the Ka-band and above due to the fact that lower bands are saturated and 
higher capacities are needed. However, at these frequencies the Earth-Space path is 
strongly affected by atmospheric phenomena, especially by rain attenuation, limiting the 
Earth-Satellite link availability. One of the best fade mitigation techniques against rain 
is site diversity which takes advantage of the spatial structure of rain to counteract it.  
In this work, three different scenarios are studied through simulations with time-series 
of rain attenuation at 20 GHz in order to evaluate the effectiveness in terms of 
propagation of multiple-site diversity from a small-scale to large-scale. In addition, the 
full capacity of the system, understood as all stations simultaneously available, is also 
evaluated. Results show that technical requirements in terms of transmit power or 
antenna gain of ground stations can be relaxed in order to maintain a reliable 
communication more than 99.99% of the time thanks to the significant improvement in 
terms of diversity advantage or achieve higher availability for the equipment use. 
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1. INTRODUCTION 
1.1 Context 
The highly saturated lower satellite bands together with the fast growth in capacity 
requirements are increasing the number of satellite telecommunication systems using 
the Ka-band and above. However, at high frequencies, the Earth-Satellite path suffers 
from a severe degradation due to the effect from meteorological phenomena in the 
troposphere, so the link quality and availability may be affected. To counteract this 
degradation and make efficient and economic use of these bands, different techniques 
have been proposed which are called fade mitigation techniques. One of them, which is 
very efficient is site diversity which consists of two or more ground stations separated 
in space and connected to each other by terrestrial links. The advantage of this 
configuration is that the spatial structure of rain produces different attenuations at 
spatially separated ground stations, so if there is the possibility of switching the 
communication link among the different ground stations, the system outage time is 
reduced to the joint outage time of all the stations.  
However, there are two architectures to carry out site diversity. The first one consists of 
duplicating the station and setting-up dedicated terrestrial links, which considerably 
increases the infrastructure costs. The other one is a more sophisticated approach which 
is about different services providers coming to an agreement to exchange their 
connections when they are not operating at full capacity, using the existing terrestrial 
networks. 
 
1.2 Purpose 
The purpose of this work is to evaluate and discuss in terms of propagation, not in 
communication, the use of site diversity from a small to large scale by means of time 
series of rain attenuation, as well as, their availability over the year. 
 
1.3 Structure 
This thesis is organized in different chapters as follows. Chapter 2 presents the main 
impairments affecting earth-satellite communications at high frequency bands. Then, in 
Chapter 3, the different countermeasures are introduced, focusing on site diversity. In 
Chapter 4, the process to generate time series of rain attenuation is briefly explained. 
Chapter 5 shows the simulation scenario. Next, the results of the performance are 
explained in Chapter 6, and finally, conclusions about site diversity are given in Chapter 
7.  
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2. PROPAGATION IMPAIRMENTS 
 
The main impairments affecting Earth-Space path take place in the troposphere and the 
ionosphere. Nevertheless, crossing the 3 GHz frequency limit gives rise to signal fading 
due to tropospheric effects, whereas ionospheric effects are negligible at those 
frequencies (Fig. 2.1). 
 
Fig 2.1 Atmospheric effects depending on the frequency 
 
2.1 Hydrometeor scattering and absorption 
 
This is the main disadvantage of Earth-Space communications, but it is particularly 
significant when operating at the Ku, Ka, or V frequency bands.  Although they are 
spatially and temporally sparse, the joint effect of hydrometeor absorption and 
scattering cause a power loss proportional in dB to about the square of the frequency 
and therefore may interrupt the availability of the Earth-Satellite link. On the other 
hand, as rain attenuation depends unfavourably on the rainfall rate and the raindrop size 
distribution, it affects heavily tropical and subtropical regions [2]. Furthermore, the non-
spherical nature of raindrops can also change the polarization characteristics of the 
transmitted signal, resulting in rain depolarization. 
The attenuating and depolarizing effects of the troposphere are affected by macroscopic 
(i.e. size, distribution and movements of rain cells, the height of melting layer, and the 
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presence of ice crystals) and microscopic (i.e. size distribution, density, and oblateness 
of both raindrops and ice crystals) characteristics of rain systems. The combined effect 
of the characteristics on both scales leads to the cumulative distribution of attenuation 
and depolarization versus time. 
 
2.1.1 Spatial structure of rain 
 
Rain structures that are important in the evaluation of rain effects on ground stations-
satellite paths can be broadly classified in two classes: stratiform and convective rain. 
 
Stratiform rain 
 
This type of rain usually shows stratified horizontal extends of hundreds of kilometres, 
duration times exceeding one hour, and rain rates less than about 25 mm/h. In temperate 
climates it takes place usually during the spring and late fall months and, because of the 
cooler temperatures, results in vertical heights of 4km to 2km. The spatial distribution 
of rainfall of storms is expected to be relatively uniform and may affect simultaneously 
ground stations situated to tens of kilometres apart. 
 
Convective Rain 
Convective rains, which are often associated with thunderstorm events, usually extend 
only several kilometres horizontally, but its cells can extend to heights greater than the 
average freezing layer because of convective upwelling. Although rain rates in excess of 
100 mm/h are not unusual, the duration seldom exceeds several minutes. 
These rains are the most common source of high rain rates in the temperate regions of 
the world. 
 
2.2 Gaseous Absorption 
 
At radio-wave frequencies only oxygen and water vapour will produce significant 
absorption.  For frequencies below 30 GHz, the main contributor along the path to 
gaseous attenuation is the water vapour because there is a maximum occurring at 22.5 
GHz, whereas there is a maximum of oxygen at 60 GHz [1] (Fig. 2.2). The attenuation 
due to oxygen absorption exhibits an almost constant behaviour for different climatic 
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conditions, whereas the attenuation due to water vapour varies with temperature and 
absolute humidity. 
 
Fig. 2.2 Attenuation due to gaseous absorption, calculated at 1 GHz intervals [2] 
 
2.3 Cloud and Fog Attenuation 
 
Clouds and fog consist of water droplets of less than 0.1 mm in diameter. Cloud 
attenuation is equivalent to very light rainfall attenuation [2][3], and fog is due to the 
condensation of atmospheric water vapour into suspended water droplets, so can usually 
be considered negligible for radio-wave communications on a slant path. 
 
2.4  Melting Layer Attenuation 
 
At the effective rain height, snow and ice precipitation melt into raindrops, so during 
periods of light rain there is a definite slab called the melting layer (about 400 to 600 m 
in depth) that contributes significantly to the total slant path attenuation [4]. 
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2.5 Sky Noise 
 
This radiation is more important than attenuation in space probe links with low noise 
front ends because contributes to noise increase. 
 
2.6 Signal Depolarization 
 
Due to the non-spherical shapes of ice crystal and raindrops, a differential phase shift 
and differential attenuation are produced between two orthogonal characteristic 
polarizations. In this case, depolarization results in cross-polar interference increasing 
the cross-correlation between two orthogonal channels (e.g. systems reusing frequency) 
[2]. 
 
2.7 Scintillations 
 
Scintillation is produced in both the troposphere and the ionosphere.  It describes the 
rapid fluctuations of amplitude, phase or angle of arrival of the wave passing through a 
medium with small-scale refractive index. 
At tropospheric level, the amplitude of fluctuations is increased with humidity and 
temperature, so the effects are seasonally dependent. 
On the other hand, slant path at low elevation angles are usually affected by scintillation 
conditions [2]. 
 
 
  
11 
 
3. FADE MITIGATION TECHNIQUES 
 
Satellite systems operating above 10 GHz in geographical regions characterized by 
heavy rainfall are likely affected by simultaneous occurrences of different attenuation 
cause. Hence, the use of a fade mitigation technique is required to counteract these 
signal impairments and permit operation under lower fade margins [5].  
Although a large number of fade mitigation techniques exists (e.g. time diversity, site 
diversity, data rate reduction, interference cancellation), they can be classified into three 
major categories: 
 
3.1 Power control techniques 
 
These techniques consist of varying either the carrier power or the antenna gain when a 
fade occurs in order to increase the power flux on the link. The adjustment of the carrier 
power can be accomplished either at the ground station (Uplink Power Control, ULPC) 
or on-board the satellite (Downlink Power Control, DLPC) while the adjustment of the 
antenna gain is only carried out on-board the satellite (Spot Beam Shaping, SBS). 
 
3.2 Adaptive transmission techniques 
 
Adaptive transmission techniques focus on varying the way in which signals are 
processed/transmitted by the nodes of a satellite network (ground stations, satellites) 
whenever the link quality is degraded. Therefore, under fading, the waveform may be 
reduced to a lower throughput configuration to provide a more robust system. Adaptive 
coding and modulation (ACM) belongs to this category. 
 
3.2.1  Adaptive Coding and Modulation 
 
ACM turns fade margin into increased link capacity, adapting the modulation type and 
FEC code to give highest possible throughput. Unlike constant coding modulation 
(CCM) in which severe rain fading can cause the total loss of the link and zero 
throughput, ACM keeps the link up (with lower throughput) and can yield much higher 
availability. 
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3.3 Diversity protection schemes 
 
These schemes are the most efficient fade mitigation techniques because rain 
attenuation is the main impairment affecting the availability and performance of a 
satellite communication link operating above 10 GHz. 
Among the different available schemes (site diversity, orbital diversity, frequency 
diversity, and temporal diversity) and concerning to the aim of this work, we are going 
to focus on site diversity which takes advantage of the spatial structure of the rainfall 
medium. 
 
3.3.1  Site diversity 
 
Site diversity consists of two (or more) ground stations spaced far enough and 
interconnected among each other by a terrestrial link working separately with the same 
satellite to overcome the effects of uplink/downlink path attenuation during intense rain 
periods. As explained in the point 2.1, rain takes the form of either stratiform rain or 
convective rain. The inhomogeneity of rainfall within the rain cells leads to a 
decorrelation of the attenuation of signals following different paths. If the separation 
between ground stations is far enough, the probability of a given rain attenuation 
occurring simultaneously on both sites is much less than the probability of that 
attenuation level at a single site. Then, the signals received at each ground station are 
brought to a master station where they are further processed to select the best signal for 
use in the communications system. 
 
Fig. 3.1 Site diversity scheme 
   
The improvement employing site diversity was introduced and characterized by Hodge 
[6], who defined two parameters to evaluate it: diversity gain and diversity 
improvement factor. 
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The diversity gain is defined as the difference between the path attenuation associated 
with the single terminal and diversity modes of operation for a given percentage of time, 
i.e. 
 
,  = 	 − , 	 (2.1) 
 
where As and Aj are the single site and joint attenuation values of cumulative 
distribution functions both for the same probability level P, and D is the site separation 
distance between the stations. 
In this context, one could see ,  as a gain in the system because the result is the 
same as increasing the system performance of the link by increasing the antenna gain or 
the transmit power. A single site operating at the location of interest would require a 
margin of As to maintain a system availability of P %. If two or more sites are 
employed, the margin required for each site is reduced to Aj dB, which is equivalent to 
reducing the antenna gains at each site by ,  dB, for the same performance. 
The site separation distance is the major factor in a diversity configuration which 
determines the amount of improvement obtained by diversity operation. When it is 
increased, the diversity gain will also increase, up to about the average horizontal extent 
of the intense rain cell. At separation distances well beyond the average horizontal 
extent, there is a little improvement in diversity operation. But, if the site separation 
distance is too great, diversity gain can actually decrease, because a second cell could 
become involved in the propagation paths. 
 
The diversity improvement factor is the ratio of the percentage of time a given 
attenuation is exceeded on a single path to the percentage of time the same attenuation 
is exceeded for the diversity mode of operation, i.e. 
, 	 = 		
 
(2.2) 
 
 
where , 		is the diversity improvement at the attenuation level A dB, Ps(A) and 
Pj(A) are the percentage of time associated with the single and joint terminal 
distributions, at the attenuation level A, respectively. 
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Fig. 3.2 Diversity gain and Diversity improvement factor 
Nevertheless, though the two factor describe the diversity performance, the diversity 
gain tends to show a more consistent behaviour than diversity improvement factor when 
different sets of propagation data are compared because the calculation of the diversity 
improvement factor involves division by a percentage of time which is often quite small 
and, hence, subject to considerable uncertainty, whereas diversity gain is a difference 
between two values of attenuation which occur over the same percentage of times. 
Other factors that site diversity depends on are: baseline orientation, elevation angle to 
the satellite, operating frequency and wind direction in tropical regions. 
Benefits of site diversity 
In terms of improved spectrum utilization, site diversity offers: 
• Less transmission power from ground stations is needed because the required 
fade margin with diversity is less than single site. 
• This reduction in transmit power can improve the Carrier-to-Interference ratio 
and the exclusion area around the ground station can be reduced, letting more 
geographical space for other terrestrial services. 
• Site diversity allows the usage of higher frequency bands. 
• Use of smaller antennas for the same system availability, or higher availability 
for the equipment use. 
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4. TIME SERIES OF RAIN ATTENUATION 
 
Up to here, the main impairments affecting satellite communications above 10 GHz and 
fade mitigation techniques in order to counteract the effect of rain attenuation at these 
frequencies, focusing on site diversity, have been described. 
In this chapter it is briefly explained a new manner to derive single site and multiple site 
statistics of Earth-Satellite links instead of using models for predicting diversity gain. 
Until now, models for predicting diversity gain have been employed and classified in 
two major categories: empirical and physical models. Empirical models estimate 
directly the diversity gain employing empirical formulas [7] while physical models 
employ a rain model for horizontal and vertical rain structure, requiring as input the 
local rain rate distribution. Among these models, EXCELL [8], Paraboni-Barbaliscia [9] 
and MultiEXCELL [10] are the most representative of physical models. 
Nevertheless, empirical models require complete statistical and dynamic information of 
the rain attenuation process and physical models need complex and long-term 
measurements resulting in expensive, time consuming and difficult to extend the results 
to other configurations due to their dependence on the geometry of the system. 
Hence, correlated time series of rain attenuation is an alternative method able to avoid 
those requirements. A specific technique to generate properly correlated time series of 
rain attenuation at different sites is described in [11]-[12] and, summarised here: 
The Joint Rain Attenuation model employs a large database of experimental time series 
of rain attenuation collected at 18.7, 39.6 and 49.5 GHz in the framework of the 
ITALSAT propagation experiment (1994-2000). 
The model requires the following inputs to extract and scale the time series of 
attenuation measurements: 
• Geographical information of the stations: latitude, longitude, height above sea 
level. 
• Satellite link parameters: frequency, polarization, elevation angle. 
• Probability of rain. 
• Rain rate exceeded cumulative distribution function [13] in terms of rain 
probability and attenuation probability [14]-[15]. 
• The spatial rain correlation in terms of rain probability and attenuation 
probability [14]-[15]. 
Then, two independent mathematical processes, discussed in [15] are performed to 
generate properly correlated rain attenuation time series at different sites: 
16 
 
1. Conditioning process: This process randomly generates a binary 
sequence for each station of interest, corresponding to rain/no rain times, 
reproducing the desired spatial correlation of rain events occurrence. The random 
binary sequences are obtained by a non-linear transformation of continuous 
Gaussian random processes according to a set of station specific rain thresholds. 
Thus, the process assigns correlated rain/no rain time over the set of stations 
according to the spatial distribution described in [14]-[15]. 
2. Conditioned process: Applies only at stations in rainy conditions for each 
basic period. It properly extracts the correlated time series of fixed duration from the 
database of measurements in order to reproduce the long-term attenuation statistic of 
each single station, preserving the spatial correlation 
The generated time series consist of basic periods of fixed duration (usually 30 min or 
1hour) filled with rain/no rain samples.  
An example of time series is shown in Fig. 4.1, after following this process. 
 
Fig. 4.1 Time series of rain attenuation over a year derived from a database collected in the station at Spino 
d’Adda, Italy, in the framework of the ITALSAT propagation experiment (1994-2000) at 20 GHz and 
elevation of 30º. 
The use of time series not only avoids problems of conventional methods for measuring 
side diversity characteristics such as accuracy, synchronization errors, high cost of 
transmission and human resources; but permits to reproduce the rain fade of many 
places ensuring the maximum of fidelity in reproducing the dynamic properties, since 
all the features of the rain phenomenon are already included in the measured data. 
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5. SIMULATION SCENARIO 
 
Site diversity can be evaluated in different situations, since depends on who needs to 
implement it and with which goal. Thus, in this project, three different situations have 
been simulated and their results are shown in Chapter 6.  
The first scenario refers to the situation of a service provider who owns two 
interconnected ground stations and it is considering setting another one in order to 
counteract high rain fades, but does not know if it is worth. In this case, there is a 
ground station which acts as master and the other two as slaves, i.e. only utilized when 
the master ground station is not able to counteract the atmospheric impairments.  
The second scenario takes place when different service providers, instead of setting new 
ground stations each one, come to an agreement to exchange their connections when 
they are not operating at full capacity.  
The third scenario is an extension of the second one. In this case, the ground stations are 
supposed to be gateways set around Europe.  
All scenarios are tested utilizing time series of rain attenuation generated at a frequency 
of 20 GHz, which corresponds to the uplink channel. Although the other atmospheric 
impairments have not been taken into account, they could have been introduced as a 
constant value in the total attenuation. 
At this point and before going on, one assumption has been made in scenario one and 
two taking into account the results obtained in [12]. Herein, it is demonstrated that the 
“best” geometry in a multiple-site configuration is to place the ground stations on a 
circumference in order to maximize the distance among them and make reference tp a 
well identified situation, as well as, the spatial correlation induced in the time series of 
attenuation experienced by the stations is avoided because the ground projections of the 
Earth-Space paths do not overlap (only applies when site separation is less than 40km). 
This approach has the disadvantage of making the study somewhat more abstract 
because in fact, in a real case, the stations are set depending on the orography of the 
geographical location. 
Therefore, once made this consideration, the first and second simulation scenarios 
consist of increasing the diameter of the circular geometry in order to study the spatial 
effect of the rain attenuation in Earth-Space links. We start from a diameter of 20 km so 
as to increase it later to 50 km and 150 km (100 km in the case of second scenario). The 
first diameter belongs to small-scale site diversity, the second one to medium-scale site 
diversity, and the last one to a quite large-scale site diversity.  
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In Fig. 5.1, the site diversity configuration between the three and eight ground stations 
is shown. 
 
a) First scenario b)Second Scenario
c) Third scenario 
 
Fig. 5.1 Geometry of the multiple site diversity schemes 
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5.1 Procedure’s implementation 
 
Herein, the general procedure followed to evaluate the site diversity is described. 
 
5.1.1 Single-site diversity 
 
Single-site diversity is the simplest site diversity scheme because it only takes into 
account one extra station. However, in a practical system subject to technological and 
economical limitations, the available fade margin alone is unlikely to counteract the 
atmospheric impairments, especially rain attenuation. 
Thus, first of all, the annual cumulative distribution function for each station involved in 
the configuration has to be obtained in order to know the behaviour of the rain 
attenuation and the percentage of time certain attenuation is exceeded in each one. 
Hence, the cumulative distribution function is defined as follows: 
	 = 	 >  (5.1) 
 
where	is the attenuation suffered by the i-station and  is the fade margin threshold, 
both in dB.  
Then, the time series model can generate as many dataset of 1-year duration as we want. 
In order to have a more stable statistical behaviour of rain, 7 years of rain attenuation 
are generated for each station. 
Hence, as we are employing 7-year time series for each ground station, the probability 
of having attenuation greater than the fade margin threshold can be computed as: 
 
	 >  =
 > 

 
 
(5.2) 
 
where  >  is the number of occurrences (i.e. number of samples greater than 
 inside the 1-year time-series array) and  is the total number of events (i.e., total 
number of samples contained in the 7-year time series array). 
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5.1.2 Two-site diversity 
 
Two-site is the most common case of site diversity and it has been studied for a long 
time, since two-site protection is typically enough in most situations. However, the 
introduction of a new station in the system implies that a network node device has to 
select the best signal, using some criterion. 
For its evaluation, it is necessary to define the joint cumulative distribution function of 
the two-site scheme in the same way as (5.2):  
	  > ,  >  =
  > ,  > 

 
 
(5.3) 
 
where  and refers to the attenuation suffered by the i-station and j-station (i≠j), 
 >  ,  >   is the number of occurrences (i.e., the number of samples in 
which the attenuation is greater than  simultaneously in both ground stations). 
At first scenario, station S1 always acts as master whereas at second scenario any 
station is expected to act as it. However, in order to limit the total number of 
combination and the impossibility of having a station with the average single-site 
cumulative distribution function, S1 is chosen as the master station of the system and 
the other ones as slaves. Thus, the total number of combinations is reduced to 7 as Fig. 
5.2 shows. 
Fig. 5.2 also shows the procedure followed to calculate the diversity gain in the second 
scenario, defined in (2.1). In our case, having 8 eight stations equally spaced, it means 
that  = ,	 = !, " = #, and $ is always the longest one. 
Once the joint cumulative distribution function is obtained, the master stations is 
changed just to see that selecting whichever station as master, the general behaviour of 
the joint cumulative distribution function does not change, i.e. the statistics remain 
invariant. Therefore, the premise of considering S1 as the master is valid and does not 
severely affect to the results.  
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Fig. 5.2 Process to evaluate two-site diversity 
 
The next step is the diversity gain calculation. Applying its definition straightforward 
for different reasonable values of percentage of time (0.001% - 1%, which represent a 
link availability of 99% to 99.999%) and where the time series are expected to 
reproduce accurately the rain fade, the diversity gain is obtained. A part from that, the 
relative gain diversity defined as (5.4) is obtained: 
%&, 		% 
	 
 , 	
	 100% 
, 	
	 100% 
 
(5.4) 
 
5.1.3 Multiple site diversity 
 
In some severe cases the protection by a two-site diversity scheme can be proved to be 
inadequate (or we are considering the second scenario previously described) and this 
leads to the employment of three-, four- (or more) site diversity. However, in [12] is 
demonstrated that the use of more than four stations does not give a significant 
improvement. Furthermore, as it will be explained later, the more stations in the 
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network, the higher probability of having any one unavailable and more complexity in 
the algorithm of switching among the sites. 
The process to obtain the joint cumulative distribution function for three, four and so on 
until the eight stations are employed (eight-site diversity) is quite similar to the two-site 
diversity: 
 
Three-site diversity 
	 >  , 	 > , 	$ >  =
 > , 	 > , $ > 

 
 
(5.5) 
 
Four-site diversity 
	 >  ,  > , $ > , ! > 
=  >  , 	 > , 	$ >  , 	! > 
 
 
(5.6) 
 
Five-site diversity 
	 > ,  >  , $ > , ! >  ,  > 
=  > ,  >  , $ > , ! > ,  > 
 
 
(5.7) 
 
Six-site diversity 
	 >  ,  > , $ > , ! >  ,  > ,  > 
=  >  ,  >  , $ > , ! >  ,  > ,  > 
 
 
(5.8) 
 
Seven-site diversity 
	 >  ,  >  , $ > , ! >  ,  > ,  > , " > 
=  > ,  >  , $ > , ! > ,  >  ,  > , " > 
 
 
(5.9) 
 
Eight-site diversity 
	 >  ,  >  , $ >  , ! >  ,  >  ,  >  , " >  , # > 
=  >  ,  >  , $ >  , ! >  ,  >  ,  >  , " >  , # > 
 
 
(5.10) 
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In this part of the work, the stations are chosen in such a way that the achievable gain 
will be the maximum for the number of stations involved (only applies for three and 
four stations). So, indeed, they are selected in function of the site separation distances 
(the more distance between each other, the better response is expected) as shows Fig. 
5.3. 
 
a) Two-site diversity 
 
b) Three-site diversity 
 
c) Four-site diversity 
 
d) Five-site diversity  e) Six-site diversity f) Seven-site diversity 
 
 
g) Eight-site diversity 
 
 
Fig. 5.3 Multiple site diversity 
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5.1.4 Availability of stations 
 
Finally, it is interesting to know the percentage of time that at least n stations are jointly 
available over the year because it gives an idea about the nominal throughput of the 
system if the stations form a cluster. 
Thus, the availability is defined as: 
	**  + ,-. /0
 ∗ 1 − 023
2
45
 
 
(5.11) 
 
where n is the number of stations available, N the total number of stations and p is the 
probability of having 1 station available. 
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6. RESULTS 
 
In this chapter, the results from the three scenarios are presented. Every situation is 
particularly treated following the steps described in Sec. 5.1 and its results discussed. 
 
6.1 Three equidistant stations 
 
This is the first scenario. It could represent the situation of one service provider who 
owns one station working permanently and another one working only when the first one 
cannot counteract the rain attenuation, separated at a certain distance and it wants to 
enhance the availability and relax the requirements of fade margin of its system 
introducing another ground station. 
In a first moment, its ground stations are placed at 17.3 km to each other forming an 
equilateral triangle. Their single-site cumulative distribution functions are identical up 
to 99.99 %, as Fig. 6.1 shows. 
If S1 wanted to maintain an availability of 99.995 %, it would counteract a fade margin 
of 21 dB, which is a lot for a single station. 
 
Fig. 6.1 Single-site cumulative distribution function of each ground station at 20 GHz and elevation angle of 
30º spatially spaced 17.3 km. 
Hence, when multiple-site diversity is applied, it can be observed in Fig. 6.2 or in Table 
1 that with two-site diversity the improvement is very impressive choosing whichever 
of the two stations (S2 or S3) jointly with S1. Furthermore, as S3 is affected by high 
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convective rain, showed by its single-site cumulative distribution function, the diversity 
gain is less than with S2. 
Now, for an availability of 99.995 % it only needs 7 dB instead of 21 dB or using three-
site diversity, 4.5 dB which is a perfect fade margin for the terminals. 
 
Fig. 6.2 Two- and three-site cumulative distribution functions of attenuation at 20 GHz and elevation angle of 
30º when the separation is 17.3 km 
Although the distance is not too long, it can be achieved relative gains in the order of 
61% for availabilities of 99.99 % using two stations or of 75 % using three stations. 
   Two-site diversity  Three-site diversity 
P(A) % AS1(dB) Stations Distance (km) RG(D,P) % G(D,P) (dB) Stations G(P) (dB) 
  S1-S2 17.32 55.49 3.0   
0.1 5.4     S1-S2-S3 3.7 
  S1-S3 17.32 55.67 3.0   
        
  S1-S2 17.32  57.12 5.3   
0.03 9.2     S1-S2-S3 6.6 
  S1-S3 17.32 58.01 5.3   
        
  S1-S2 17.32 61.08 9.0   
0.01 14.8     S1-S2-S3 11.1 
  S1-S3 17.32 61.53 9.1   
        
  S1-S2 17.32 66.05 13.8   
0.005 20.9     S1-S2-S3 16.3 
  S1-S3 17.32 62.92 13.1   
Table 1.  Relative diversity gain and Absolut diversity gain for two- and three-site diversity at 17.3 km 
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On the other hand, another interesting aspect is the availability of the stations in order to 
know the nominal throughput of the Earth-Satellite link. 
Observing Fig. 6.3, two situations can be considered. In the first situation there is only 
one station working and the other two only works when the master station cannot 
counteract the rain impairments. In this case, with 4.5 dB of fade margin, the 100% 
nominal throughput is available 99.995 % of the time.  
Nevertheless, in the other situation, when three stations are necessary to be available in 
order to have the 100 % nominal throughput, with a fade margin of 4.5 dB, it is only 
achieved the 99.62 % of the time. 
 
Fig. 6.3 Availability for a cluster of three equidistant stations on a circle of 20 km in diameter operating at 20 
GHz with different fade margin. The cluster is assumed to be “available” when at least n stations are available. 
Next, the three ground stations are separated 43km to each other and their P(A) are 
shown in fig. 6.4. 
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Fig. 6.4 Single-site cumulative distribution function of each ground station at 20 GHz and elevation angle of 
30º spatially spaced 43 km 
Now, S1 needs 22 dB to maintain an availability of 99.995 % whereas applying two- or 
three-site diversity 5 dB and 3 dB are required, respectively. 
 
Fig. 6.5 Two- and three-site cumulative distribution functions of attenuation at 20 GHz and elevation angle of 
30º when the separation is 43 km 
Observing Fig. 6.5 or Table 2 it can be noticed the benefit from two-site diversity since 
the fade mitigation is the maximum that can be achieved because the three stations are 
uncorrelated in terms of rain attenuation. 
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  Two-site diversity Three-site diversity 
P(A) % AS1(dB) Stations Distance (km) RG(D,P) % G(D,P) (dB) Stations G(P) (dB) 
  S1-S2 43.3 66.12 3.5   
0.1 5.4     S1-S2-S3 4.4 
  S1-S3 43.3 65.58 3.5   
        
  S1-S2 43.3 72.15 7.2   
0.03 10.0     S1-S2-S3 8.2 
  S1-S3 43.3 71.11 7.1   
        
  S1-S2 43.3 76.45 12.8   
0.01 16.7     S1-S2-S3 14.3 
  S1-S3 43.3 75.93 12.7   
        
  S1-S2 43.3 78.37 17.5   
0.005 22.4     S1-S2-S3 19.6 
  S1-S3 43.3 77.11 17.2   
Table 2. Relative diversity gain and Absolut diversity gain for two- and three-site diversity at 43.3 km 
 
If the availability is looked as before, it can be seen that with a fade margin of 4.5 dB, 
one station is working more than the 99.999 % of the time, so the 100 % of the nominal 
throughput is assured during it. However if the system requires all stations to offer the 
100 % of nominal throughput, with 4.5 dB, it can only be assured the 99.6 % of the time 
(Fig. 6.6). 
 
Fig. 6.6 Availability for a cluster of three equidistant stations on a circle of 50 km in diameter operating at 20 
GHz with different fade margin. The cluster is assumed to be “available” when at least n stations are available. 
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Eventually, when the three stations are spatially spaced at 130 km, they are totally 
uncorrelated. As it can be seen in Fig. 6.7, S1, S2 and S3 suffer from severe rainfall 
rates in different measure.  
In this case, for a link availability of 99.995 % in S1, 24.5 dB are needed. 
 
Fig. 6.7 Single-site cumulative distribution function of each ground station at 20 GHz and elevation angle of 
30º spatially spaced 130 km. 
The attenuation is highly correlated at low attenuation levels and less correlated at high 
levels. Thus, for small-margin systems, site diversity might not improve system 
performance significantly. 
Furthermore, looking at multiple site diversity (Fig. 6.8 and Table 3), there is not a 
significant improvement between using two or three stations and it should not be 
forgotten that the three stations must be connected to each other, increasing the cost, and 
a Control Unit has to switch to the best signal. 
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Fig. 6.8 Two- and three-site cumulative distribution functions of attenuation at 20 GHz and elevation angle of 
30º when site separation is 130 km 
As each station is far enough from the other ones, with less than 4 dB of fade margin the 
availability of 1 station is assured the 100 % of the time whereas if the 3 stations are 
required they are only available the 99.4 % because it is unlikely that two stations are 
under the same rain cell simultaneously when they are far enough, but they can be 
affected by two different rain cells. 
  Two-site diversity Three-site diversity 
P(A) % AS1(dB) Stations Distance (km) RG(D,P) % G(D,P) (dB) Stations G(P) (dB) 
  S1-S2 129.9 74.64 4.2   
0.1 5.6     S1-S2-S3 4.7 
  S1-S3 129.9 73.76 4.1   
        
  S1-S2 129.9 79.48 8.2   
0.03 10.3     S1-S2-S3 9.3 
  S1-S3 129.9 80.70 8.3   
        
  S1-S2 129.9 82.64 14.9   
0.01 18.0     S1-S2-S3 16.2 
  S1-S3 129.9 83.71 15.0   
        
  S1-S2 129.9 84.19 20.6   
0.005 24.5     S1-S2-S3 22.6 
  S1-S3 129.9 84.97 20.8   
Table 3. Relative diversity gain and Absolut diversity gain for two- and three-site diversity at 130 km 
32 
 
 
Fig. 6.9 Availability for a cluster of three equidistant stations on a circle of 150 km in diameter operating at 20 
GHz with different fade margin. The cluster is assumed to be “available” when at least n stations are available. 
Summarising, in case of using three stations, site diversity is demonstrated to be an 
effective fade mitigation technique not only at large-scale but also at small-scale where 
the achievable enhancement is significant. However, at small-scale it is likely that two 
or three stations are affected at the same time by a stratiform rain requiring an overall 
fade margin for the three stations greater than at large-scale. On the other hand, the cost 
of connecting the three stations in the small-scale is expected to be lower than the large-
scale.  
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6.2 Eight ground stations set on a circular geometry 
 
6.2.1 Small-scale site diversity 
 
With technological advances and increasing the operational frequency, antenna 
requirements have been reduced leading to the use of VSATs. This kind of ground 
station has a limited transmission power and can hardly counteract high rain attenuation, 
but because of the small dimension and limited cost, it is common to see them in 
metropolitan areas. In this context, and for distances of no more than 20km, different 
services providers using VSATs could exchange their connections along Metropolitan 
Area Networks (MAN). 
 
Single site diversity 
The 7-yearly cumulative distribution functions from the eight stations are included in 
Fig. 6.10. As it may be seen, the probability of having rain over the year is close to the 5 
% in every station and their responses are quite similar up to the 0.004 % of the time. 
 
Fig. 6.10 Single-site diversity of eight stations located on a circle of 20 km in diameter. The black curve 
represents the average single-site cumulative distribution function of attenuation (frequency: 20 GHz, 
elevation angle: 30º) 
Fades at high availability (>99.9 %) are caused by severe rainfall rates, which in turn 
are highly convective. 
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Two-site diversity 
According to Sec. 5.2, it is possible to analyse the joint cumulative distribution function 
and the diversity gain utilizing pair of stations where S1 is always one of them. Thus, 
the joint cumulative distribution is shown in Fig. 6.11 along with the average single-site 
cumulative distribution from the eight sites. 
 
Fig. 6.11 Two-site diversity for eight stations on a circle of 20km in diameter 
As can be seen, stations at the same distance from S1 have a similar joint cumulative 
distribution up to the 0.004% of the time. In addition, as it will be seen later, there is not 
quite an improvement switching from stations S1-S3 to S1-S4, S1-S6, S1-S7, or S1-S5 
(the farthest one) because, in fact, at these distances, it is likely the stations are affected  
by stratiform rainfall or convective rain cells at the same time. 
In Appendix A.1, it is shown that the joint cumulative distribution behaviour is 
conserved up to a probability of 0.004%, although the master station is changed. 
 
Diversity gain 
In order to provide an idea of the achievable diversity gain, four different probabilities 
have been chosen. Consulting the literature, the most common values are: 0.005%, 
0.01%, 0.03%, and 0.1% which corresponds to availabilities of 99.995 %, 99.99%, 
99.97%, and 99.9% respectively. 
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Fig. 6.12 Relative diversity gain. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the 
blue curve to 0.01 % and the purple curve to 0.005 %. In legend, the single site attenuation at each probability 
level is shown. 
   
 
Fig. 6.13 Absolut diversity gain. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the 
blue curve to 0.01 % and the purple curve to 0.005 %. In legend, the single site attenuation at each probability 
level is shown. 
Diversity gain for two-site scheme is shown in Fig. 6.12 and Fig. 6.13. As it can be 
observed, diversity gain tends to saturate when distance is close to 20km (the small 
reduction in the gain that can be observed at very high attenuation level is due to the 
limited amount of data at those low probability levels). 
These values are obtained considering the average single-site cumulative distribution of 
all stations, but using S1 to evaluate the two-site diversity. Hence, two simulations have 
been carried out in order to quantify the difference and their results are shown in 
Appendix A.2 
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Table 4 summarises what is done up to now:  
P(A) % Asingle (dB) Stations Distance (km) RG(D,P)% G(D,P) (dB) 
 
0.1 
 
5.8 
S1-S2 7.65 43.47 2.5 
S1-S3 14.14 52.07 3.0 
S1-S4 18.48 55.66 3.2 
S1-S5 20 56.82 3.3 
      
 
0.03 
 
 
10.8 
S1-S2 7.65 49.78 5.4 
S1-S3 14.14 59.07 6.4 
S1-S4 18.48 62.61 6.7 
S1-S5 20 63.90 6.9 
      
 
0.01 
 
 
18.1 
S1-S2 7.65 55.60 10.0 
S1-S3 14.14 66.12 11.9 
S1-S4 18.48 68.79 12.4 
S1-S5 20 68.79 12.5 
      
 
0.005 
 
23.6 
S1-S2 7.65 57.10 13.5 
S1-S3 14.14 67.04 15.8 
S1-S4 18.48 71.39 16.8 
S1-S5 20 70.81 16.7 
Table 4.  Summary of two-site diversity 
 
Multiple site diversity 
Multiple site diversity (Fig. 6.14) provides impressive improvement. The more stations 
are involved in the diversity, the higher is the improvement. Nevertheless, at high 
probability levels or low-level attenuations, diversity gain is poor because it is likely 
that the chosen stations are affected by stratiform rain, whereas at low-level 
probabilities, high-level attenuations at single-site paths are produced by convective 
rain, so it is here where diversity gain shows its potential. 
On the other hand, diversity gain starts to saturate when more than 4 stations are 
employed. To have an idea, 99.99 % availability can be achieved with about a 3.9 dB 
power margin using three stations or 3.3 dB with four stations, instead of 18 dB with a 
single station. 
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Fig. 6.14 Results of multiple site diversity using Fig 5.3 scheme on a circle of 20km in diameter 
In next Fig. 6.15 and Table 5, it can be clearly observed the evolution of diversity gain 
when the number of sites is increased. With more than five ground stations, the 
enhancement is not so great. 
 
Fig. 6.15 Absolut diversity gain employing multiple site diversity with eight stations set on a circle of 20 km in 
diameter. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the blue curve to 0.01 % 
and the purple curve to 0.005 %. In legend, the single site attenuation at each probability level is shown.. 
 
P(A) % Asingle(dB) Gain 2-site 
Fig 5.3(a)  
Gain 3-site 
Fig 5.3(b) 
Gain 4-Site 
Fig 5.3(c) 
Gain 5-site 
Fig 5.3(d) 
Gain 6-site 
Fig 5.3 (e) 
Gain 7-site 
Fig 5.3 (f) 
Gain 8-site 
Fig 5.3 (g) 
0.1 5.8 3.3 3.9 4.1 4.3 4.6 4.8 4.8 
0.03 10.8 6.9 7.9 8.4 8.8 8.8 9.0 9.1 
0.01 18.1 12.5 14.2 14.8 15.2 15.3 15.6 15.9 
0.005 23.6 16.7 18.9 19.7 20.0 20.2 20.6 20.8 
Table 5. Summary of diversity gain applying multiple site diversity on a circle of 20 km in diameter 
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As it has been seen, small-scale site diversity allows counteracting rain attenuation with 
low power margins besides increasing the availability (Fig. 6.16) of one of the stations. 
For instance, with a fade margin of 5 dB in every station, they are simultaneously 
available 99.26% of the time. Hence, it means that 0.74 % of the time someone is out of 
service so that its traffic should be redirected through another station. Then, employing 
site diversity with the same fade margin, the Earth-Satellite link of one station is 
available the 100 % of the time. The only problem is, although in this work is not 
analysed, to dimension the capacity of each station to be able to allocate and transmit 
the information from the rest of the stations. 
 
Fig. 6.16 Availability for a cluster of eight stations on a circle of 20 km in diameter operating at 20 GHz with 
different fade margin. The cluster is assumed to be “available” when at least n stations are available. 
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6.2.2 Medium-scale site diversity 
 
As happened in the case of 3 stations when the diameter is increased to 50 km the effect 
of the rain impairment in each station is different due to its spatial behaviour. At S8 and 
S5, it seems that heavy rain is more usual than in S4 (Fig. 6.17). Therefore, S8 and S5 
will need more transmit power to counteract rain fades. However in average, for an 
availability of 99.99% of the time over a year, a transmit power of 18 dB is necessary. 
So, it is obvious that site diversity can relax the technical requirements.  
 
Fig. 6.17 Single-site diversity of eight stations located on a circle of 50 km in diameter. The black curve 
represents the average single-site cumulative distribution function of attenuation (frequency: 20 GHz, 
elevation angle: 30º) 
Applying two-site diversity, a great enhancement can be achieved. Looking at Fig. 6.18, 
it is shown that diversity gain is practically identical for couple of stations whose site 
separation is equal. Furthermore, as it was pointed out before, for distances greater than 
20 km, the rain impairment in each station is expected to be uncorrelated to the others, 
so the achievable gain is maximum. For this reason, there is not a significant 
improvement between using S1-S3 and S1-S5 for instance. 
With 6 dB is feasible to maintain the Earth-Satellite link available the 99.99 % of the 
time using the closest stations or with 4.5 dB choosing the other ones. On the other 
hand, it is better to look at the Fig. 6.19 to notice that the gain is getting saturated 
starting from 35 km. In fact, for an availability of 99.995 % is better to use a station at 
46 km than one at 50 km. 
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Fig. 6.18 Two-site diversity for eight stations on a circle of 50km in diameter 
 
 
Fig. 6.19 Absolut diversity gain. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the 
blue curve to 0.01 % and the purple curve to 0.005 %. In legend, the single site attenuation at each probability 
level is shown. 
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In next Table 6, the relative diversity gain is shown. Only half circle has been 
considered because of the fact that the other half of stations are at the same distance. 
P(A) % Asingle(dB) Stations Distance (km) RG(D,P) % G(D,P) (dB) 
  S1-S2 19.13 54.55 3.2 
0.6 5.8 S1-S3 35.36 65.72 3.8 
  S1-S4 46.19 66.87 3.9 
  S1-S5 50.00 67.19 3.9 
      
  S1-S2 19.13 61.16 6.7 
0.03 10.9 S1-S3 35.36 69.49 7.6 
  S1-S4 46.19 72.52 7.9 
  S1-S5 50.00 72.87 7.9 
      
  S1-S2 19.13 67.88 12.6 
0.01 18.6 S1-S3 35.36 75.39 14.0 
  S1-S4 46.19 77.31 14.4 
  S1-S5 50.00 77.27 14.4 
      
  S1-S2 19.13 68.92 16.0 
0.005 23.2 S1-S3 35.36 76.11 17.7 
  S1-S4 46.19 78.67 18.3 
  S1-S5 50.00 77.66 18.0 
Table 6. Summary of two-site diversity 
At this point, it has been calculated the difference in diversity gain considering the 
average single-site cumulative distribution, but using S1 as reference station. The results 
can be seen at Appendix A.3. 
 
Fig. 6.20 Results of multiple site diversity using Fig 5.3 scheme on a circle of 50km in diameter 
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Next, the multiple site diversity has been performed, obtaining Fig. 6.20. Observing it, 
one may see that if more stations are employed, better the gain is like when the stations 
were set on a circle of 20 km in diameter. Nevertheless, unlike the previous case, there 
is no improvement switching from seven to eight stations for probabilities lower than 
0.1 % or using more than 3 stations for probabilities greater than 0.1 % (Fig. 6.21) 
 
Fig. 6.21 Relative and Absolut diversity gain employing multiple site diversity with eight stations set on a circle 
of 50 km in diameter. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the blue 
curve to 0.01 % and the purple curve to 0.005 %. In legend, the single site attenuation at each probability level 
is shown. 
At Table 7 the values shown in Fig. 6.21 for the Absolut diversity gain are written. 
In average, a ground station suffering 5.8 dB due to rain implies that the 0.1% of the 
time over the year it is in outage. Nevertheless, nowadays, a reliable telecommunication 
system has to maintain the link available more than 99.99 % of the time. So, in this 
situation a ground station has a rain attenuation around 18.60 dB that it is unlikely to 
counteract it by itself, but using multiple site diversity with less than 2 dB it is possible. 
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On the other hand, if the eight stations form a cluster, it is reasonable to think that when 
one station is in outage, its traffic is derived to which are available. The probability that 
at least one station (out of eight) is working coincides with the standard definition of 
availability. When it is required that at least two (or more) stations must be working, the 
availability decreases because having dispersed the stations in a large area, the 
probability of having rain on at least one of the sites increases. Thus, with a margin 
against rain about 5 dB, the 100% of nominal throughput is available 99.12% of the 
time. 
 
Fig. 6.22 Availability for a cluster of eight stations on a circle of 50 km in diameter operating at 20 GHz with 
different fade margin. The cluster is assumed to be “available” when at least n stations are available. 
  
  
Table 7.  Summary of diversity gain applying multiple site diversity on a circle of 50 km in diameter 
P(A) % Asingle(dB) Gain 2-site 
Fig 5.3(a)  
Gain 3-site 
Fig 5.3(b) 
Gain 4-Site 
Fig 5.3(c) 
Gain 5-site 
Fig 5.3(d) 
Gain 6-site 
Fig 5.3 (e) 
Gain 7-site 
Fig 5.3 (f) 
Gain 8-site 
Fig 5.3 (g) 
0.1 5.8 3.9 4.4 4.8 4.8 4.9 4.9 4.9 
0.03 10.9 8.0 9.0 9.2 9.5 9.7 9.9 9.9 
0.01 18.6 14.4 15.9 16.6 16.7 16.8 17.0 17.1 
0.005 23.2 18.0 20.1 20.6 21.0 21.2 21.3 21.4 
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6.2.3 Large-scale site diversity 
When the diameter of the circle is increased up to 100 km all the stations have the same 
probability of having rain over the year (5 % of the time) because of the fact that they’re 
in the same climatic zone, but each one is affected by different rainfalls and rain cells. 
Thus, S4 suffers 28 dB of rain attenuation during the 0.005 % of the time over the year, 
whereas S2 has less than 22 dB for the same duration (Fig. 6.23). On average, each 
station suffers 23.5 dB the 0.005 % of the time. However, it is unlikely that one station 
working alone can guarantee an availability of 99.99 % because 18 dB are necessary to 
counteract the rain fade. 
 
Fig. 6.23 Single-site diversity of eight stations located on a circle of 100 km in diameter. The black curve 
represents the average single-site cumulative distribution function of attenuation (frequency: 20 GHz, 
elevation angle: 30º) 
In Fig. 6.24 or Fig. 6.25 it can be seen that applying two-site diversity allows having an 
availability of 99.995 % with less than 6 dB of fade margin depending on the station to 
work with. Furthermore, choosing the closest station, it is likely to have a link 
availability of 99.99 % with 4.9 dB or with less than 3 dB switching to the farthest one 
(Table 8). 
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Fig. 6.24 Two-site diversity for eight stations on a circle of 100km in diameter 
Nevertheless, unlike the two previous cases, in this case it does not seem that diversity 
gain gets saturated for outage probabilities below 0.01%, so more simulations with new 
time-series should be done to check that these results are correct because it means that 
stations are still correlated in terms of rain attenuation. 
 
Fig. 6.25 Absolut diversity gain. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the 
blue curve to 0.01 % and the purple curve to 0.005 %. In legend, the single site attenuation at each probability 
level is shown. 
At this point, it has been calculated the difference committed in diversity gain 
considering the average single-site cumulative distribution, but using S1 as reference 
station. The results can be seen at Appendix A.4. 
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P(A) % Asingle(dB) Stations Distance (km) RG(D,P) % G(D,P) (dB) 
  S1-S2 38.27 65.92 3.7 
0.1 5.6 S1-S3 70.71 69.76 3.9 
  S1-S4 92.39 73.18 4.1 
  S1-S5 100 74.54 4.2 
      
  S1-S2 38.27 70.45 7.6 
0.03 10.8 S1-S3 70.71 76.23 8.3 
  S1-S4 92.39 80.64 8.7 
  S1-S5 100 81.54 8.8 
      
  S1-S2 38.27 73.64 13.6 
0.01 18.4 S1-S3 70.71 79.83 14.7 
  S1-S4 92.39 82.96 15.3 
  S1-S5 100 84.12 15.5 
      
  S1-S2 38.27 74.09 17.4 
0.005 23.5 S1-S3 70.71 79.34 18.6 
  S1-S4 92.39 83.47 19.6 
  S1-S5 100 84.81 19.9 
Table 8. Summary of two-site diversity 
As it may be seen, when the stations are far enough, using two-site diversity allows 
counteracting the major part of rain fades. Anyway, if more than two stations are 
employed it is obvious that the required fade margin will be lower. Thus, Fig. 6.26 
shows the evolution of multiple site diversity as well as in Fig 6.27 and Table 9 can be 
observed that although there is not an impressive improvement using more than five 
stations for a link availability of 99.99 % it is only necessary 1 dB to achieve it.  
 
Fig. 6.26 Results of multiple site diversity using Fig 5.3 scheme on a circle of 100 km in diameter 
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Fig. 6.27 Relative and Absolut diversity gain employing multiple site diversity with eight stations set on a circle 
of 100 km in diameter. The red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the blue 
curve to 0.01 % and the purple curve to 0.005 %. In legend, the single site attenuation at each probability level 
is shown. 
P(A) % Asingle(dB) Gain 2-site 
Fig 5.3(a)  
Gain 3-site 
Fig 5.3(b) 
Gain 4-Site 
Fig 5.3(c) 
Gain 5-site 
Fig 5.3(d) 
Gain 6-site 
Fig 5.3 (e) 
Gain 7-site 
Fig 5.3 (f) 
Gain 8-site 
Fig 5.3 (g) 
0.1 5.6 4.2 4.7 4.7 4.7 4.7 4.7 4.8 
0.03 10.8 8.8 9.3 9.8 9.8 9.8 9.8 9.8 
0.01 18.4 15.5 16.5 17.0 17.4 17.4 17.4 17.4 
0.005 23.5 19.9 21.2 21.7 22.2 22.4 22.5 22.5 
Table 9. Summary of diversity gain applying multiple site diversity on a circle of 100 km in diameter 
On the other hand, if the stations form a cluster and the system needs the eight stations 
working simultaneously to provide the 100% of nominal throughput, it will only happen 
the 99.11 % of the time if every station has a fade margin of 5 dB. Thus, if the 
availability of the system shown in Fig. 6.28 is compared with the availability of the 
system in Fig. 6.16 and Fig. 6.22 it can be noticed that availability decreases for 
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increasing diameters because the probability of having rain (producing a fade level 
greater than 5 dB) on at least one of the sites increases. 
 
Fig. 6.28 Availability for a cluster of eight stations on a circle of 100 km in diameter operating at 20 GHz with 
different fade margin. The cluster is assumed to be “available” when at least n stations are available. 
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6.3 Europe 
 
The site diversity concept which in its original version assumes the duplication of the 
ground station (for example a gateway) to counteract deep fades can be enlarged to a 
distributed system (as in the internet providers’ multiple site diversity discussed before) 
of gateways. In this case, a part of the total gateway bandwidth is reserved as extra 
bandwidth to allocate the user beams from the gateways which are in outage. 
In Fig. 6.29 the single-site cumulative distribution of eight gateways placed in eight 
cities of Europe is shown. As it can be seen, the probability of having rain is different in 
each gateway due to the large spatial distance among them, being Rome and London the 
places with higher yearly rainy periods (3.85 % of the time). Furthermore, it is in Rome 
the place where convective rain cells produce the greatest fades. To maintain the link 
available the 99.999% of the time, it is necessary 51 dB of fade margin whereas in the 
rest of gateways it is no more than 30 dB. 
 
Fig. 6.29 Single-site diversity of eight gateways located around Europe. Each curve represents the 10-yearly 
single-site cumulative distribution function of attenuation (frequency: 20 GHz, elevation angle: between 29º 
and 41º) 
Therefore, it may be seen that applying two-site diversity in any case, but specially in 
Rome, will allow a link availability of 99.999 % with less than 4 dB (Fig. 6.30) 
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Fig. 6.30 Two-site diversity for eight stations on a circle of 100km in diameter 
As it can be seen in Fig. 6.31, diversity gain is saturated. 
 
Fig. 6.31 Absolut diversity gain employing multiple site diversity with eight gateways set around Europe. The 
red curve belongs to a probability of 0.1 %, the green curve to 0.03%, the blue curve to 0.01 % and the purple 
curve to 0.001 %. In legend, the single site attenuation at each probability level is shown. 
Furthermore, if three- (or more) site diversity is employed the rain impairment can be 
completely avoided because there is always one gateway unaffected by rain (Fig. 6.32). 
51 
 
 
Fig. 6.32 Results of multiple site diversity for Rome. R: Rome, M: Madrid, B: Budapest, Ath: Athens, L: 
London, Ank: Ankara, O: Oslo, V: Vilnius. 
On the other hand, the system works in such a way that when a gateway is out of work, 
its traffic is redirected to another gateway in operation to feed the satellite. In this logic 
it is important to know the fraction of time 8, 7, 6… gateways are simultaneously in 
operation. Therefore, fixing for example a fade margin of 4 dB, it can be seen that 6 
gateways are simultaneously working the 0.0016 % of the time, 7 gateways the 0.84 % 
of the time and the 8 gateways are simultaneously in operation the 99.15 % of the time 
(Fig. 6.33). Thus, if the 7 gateways are able to allocate the traffic of which is in outage 
employing the extra bandwidth it means that the link would be available more than the 
99,998 % of the time. 
  
Fig. 6.33 Availability of eight gateways with different fade margin. The quantity of gateways that are 
simultaneously available is shown at the legend. 
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Fig. 6.34 Availability for a cluster of eight gateways with different fade margin. The cluster is assumed to be 
“available” when at least n stations are available. 
Finally, the attenuation that has to be compensated in order to have a 99.999% 
availability with 7 gateways working simultaneously is 5.8 dB, 2.3 dB in case of 6 
gateways and 0.8 dB for 5 gateways (Fig. 6.34). 
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7. CONCLUSIONS 
 
In this work, it was studied the effectiveness of site diversity as a fade mitigation 
technique to counteract the main impairment in Earth-Space communications in the Ka 
band and above: i.e. rain attenuation. In order to show it, three different scenarios have 
been simulated at 20 GHz using time-series of rain attenuation. 
First scenario, where three stations are set with an equidistant separation, has shown that 
there is a significant improvement applying the two- or three-site diversity technique 
not only at small-scale but also at large-scale getting link availabilities of 99.995 % over 
the year with less than 2 dB (at large-scale) 
Second scenario, where eight stations form first a small-scale multiple-site diversity 
system and then a large-scale configuration, has shown a significant improvement in 
terms of diversity advantage with respect to the two-site configuration. As it has been 
proved, the incremental gain decreases for an increasing number of stations and 
saturates to an asymptotical curve. From an operational point of view, there will be a 
trade-off between gain and system complexity. On the other hand, the average number 
of stations unavailable depends on the size of the circle, being higher when the size is 
increased. 
Third scenario, where eight gateways are set around Europe, has demonstrated that site 
diversity can mitigate the rain impairment with successful utilizing two-site diversity. 
In reference to the availability of the 100% of the nominal throughput, understood as all 
the stations available, decreases when the size of the circle is higher. In addition, an 
ideal handover between stations has been considered as well as an ideal protocol of 
switching. 
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APPENDIX A 
 
APPENDIX A.1 
 
In Fig. A.1, it is shown the joint cumulative distribution function of couples of stations 
in order to see that there is not a significant change in statistical terms if the reference 
station (S1) is changed by S3, S5 or S7. 
 
Fig. A.1 Two-site diversity for a 20km configuration. Each curve refers to joint CDF of pairs of stations which 
are closer to each other, i.e. the distance is 7.65 km 
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APPENDIX A.2 
 
Eight stations on a circle of 20 km in diameter 
The simulations have been done in case of using S1-S4 and S1-S6 (Fig. A.2.1). As it 
can be seen, at high probabilities (~0.1%), the difference is negligible, but when the 
probability decreases (~0.005%, there is a maximum difference of ~1.5 dB (Fig 
A.2.2). 
 
Fig. A.2.1 Two-site diversity with S1-S4 and S1-S6. The red curve refers to the average single-site CDF from 
all the stations. The yellow one is the average single-site cumulative distribution function from S1 and S4.  The 
blue and the purple curves belong to the joint cumulative distribution function from S1-S4 and S1-S6, 
respectively. 
 
Fig. A.2.2 Absolut diversity gain considering the average single-site cumulative distribution function from S1-
S4 (red curve), the average single-site cumulative distribution function from S1-S6 (green curve), and the 
average single-site cumulative distribution function from all the stations (blue and purple curve). 
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APPENDIX A.3 
 
Eight stations on a circle of 50 km in diameter 
Choosing the combinations S1-S4 and S1-S6 (Fig. A.3.1), it is obtained that there is a 
difference of 0.5 dB at an availability of 99.995 % (Fig. A.3.2). However, it is likely 
that selecting S1-S3 the difference will be greater because of the fact that its single-site 
cumulative distribution function differs considerably from the average. In fact, 
calculating it, it has been found a difference of 2 dB (Fig. A.3.3).  
 
Fig. A.3.1 Two-site diversity with S1-S4 and S1-S6. The red curve refers to the average single-site CDF from 
all the stations. The yellow one is the average single-site cumulative distribution function from S1 and S4.  The 
blue and the purple curves belong to the joint cumulative distribution function from S1-S4 and S1-S6, 
respectively.
 
Fig. A.3.2 Absolut diversity gain considering the average single-site cumulative distribution function from S1-
S4 (red curve), the average single-site cumulative distribution function from S1-S6 (green curve), and the 
average single-site cumulative distribution function from all the stations (blue and purple curve). 
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Fig. A.3.3 Absolut diversity gain considering the average single-site cumulative distribution function from S1-
S3 (red curve) and the average single-site cumulative distribution function from all the stations (blue curve). 
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APPENDIX A.4 
 
Eight stations on a circle of 100 km in diameter 
After obtaining the joint cumulative distribution function for S1-S4 and S1-S6 (Fig. 
A.4.1) and then their respective diversity gain (Fig. A.4.2) a maximum difference of 2 
dB (probability of 0.005%) has been found. 
 
Fig. A.4.1 Two-site diversity with S1-S4 and S1-S6. The red curve refers to the average single-site CDF from 
all the stations. The yellow one is the average single-site cumulative distribution function from S1 and S4.  The 
blue and the purple curves belong to the joint cumulative distribution function from S1-S4 and S1-S6, 
respectively. 
 
Fig. A.4.2 Absolut diversity gain considering the average single-site cumulative distribution function from S1-
S4 (red curve), the average single-site cumulative distribution function from S1-S6 (green curve), and the 
average single-site cumulative distribution function from all the stations (blue and purple curve). 
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